We have studied the magnetotransport properties of a new metallic granular Co-Ag system. The spin-dependent electron scattering is revealed in the forms of a giant magnetoresistance and an extraordinary Hall effect, both of which are found to be strongly dependent on the Co particle size and the electron mean free path. The experimental correlation p "oc p uncovered is unexpected from existing theories. 
The discovery of giant magnetoresistance (GMR) in magnetic multilayers (e.g. , Fe-Cr, Co-Ag) has created new opportunities for the understanding of the fundamental issue of spin-dependent electrical transport [1 -5] . The recent surprising finding that a GMR also exists in granular structures brings a new dimension to this problem [6, 7] , and raises many new and urgent questions pertinent to the basic mechanism of the GMR. For example, how does the GMR correlate with material parameters such as the size of the magnetic particles and the electron mean free path? Another interesting question is the possible manifestation of spin-dependent electron scattering in other magnetotransport properties. Among them the Hall effect is particularly relevant, because it is very sensitive to the magnetic state of a material and because it provides crucial information on the carrier type, concentration, and mean free path if the resistivity is also known. It would be extremely beneficial to a comprehensive understanding of the GMR if many aspects of magnetotransport could be simultaneously investigated. In this Letter we present results of magnetotransport properties in granular Co-Ag films. Spin (OHE) (D is the demagnetization factor), and the second term, resulting from a magnetic scattering, is the extraordinary Hall effect (EHE) [9] proportional to M.
In what follows we will denote pM = R, 4vrM. Note that R, is negative in every sample. Figure 2 shows the hys- 4 .l x 102 cm independent of annealing temperature. It is noted that A,ir depends both on ordinary disorder scattering and on spin-dependent magnetic scattering. From the transmission electron micrograph of each sample we have obtained the particle size rc"which ranges from 20 to 130 A. As an independent check, we also used a method described in Ref. [14] to calculate rc, from the temperature dependence of the susceptibility in some superparamagnetic samples. Both methods give consistent results. The values of A,ir, ranging from 50 -150 A, are close to the average Co particle size. In fact, at 20% volume fraction rc is a length scale not only specifying the Co particle size, but also representing the average interparticle distance. Near the matrixparticle interface the electron scattering is expected to be strong because of the large irregularities and discontinuities in crystalline structure and magnetization. Hence, at T =4.2 K, vrhere inelastic scatterings are rendered ineffective, A,g should be of the order of both rg, and the interparticle distance.
In Fig. 3 we present the dependence of 4p» and pzy' on A,g. Both decrease with increasing A,g but at different rates. In the inset of Fig. 3 the GMR. We believe that the data presented in Fig. 3 represent the most important features of granular systems with GMR. An understanding of the anomalous transport properties may come from the clarification of the rc -and A,it depe-ndence of Ap and pM"'.
In addition to the GMR, the EHE in the Co-Ag granular system also differs significantly from the EHE observed in magnetic dilute or ferromagnetic alloys. As seen in Fig. 3 [9, 15, 16] . The first one is the skew scattering which causes the electron trajectory to defiect asymmetrically from its original path [9] . The second mechanism, a quantum mechanical effect, is the so-called side jump [9, 15, 16] , in which the electron trajectory is displaced transversely by a distance Ay ( 0.1 -1 A. ) while the direction remains intact. Both effects rely on the electron scattering rate [9] . This is why pM"' decreases with A, g as shown in Fig. 3 , To find out whether the skew scattering or the side jump is the main driving force for the EHE, one may check the correlation between p»' and p» [9, 15, 16] .
It has been shown both experimentally and theoretically that p "' oc p" with exponent n = 1 for skew scattering and n = 2 for side jump [9, 15] . In Fig. 4 In magnetic dilute or ferromagnetic alloys, the skew scattering, in general, dominates at lovr temperatures, vrhile the side jump becomes important at high temperatures [9, 15, 16] . In these systems as temperature increases, the exponent n changes from 1 to 2. In Co-Au superlattices, [17) . In FeCr superlattices, n is 2.6 from 5 to 300 K [18) . To our knowledge, the exponent n = 3.7 in the granular Co-Ag system is the largest exponent ever observed. There is no mechanism, confirmed or proposed, that predicts such a large exponent.
Although the large n is suggestive of a novel mechanism, we feel that the mechanism is still the quantum mechanical side jump, but in the new context of granular structures. In the side-jump model proposed by Berger [9, 15] it was found that R, = pM"'/4zM, oc p"Ay, where Ay = -A, , o,k is the transverse side jump after each collision [9, 15, 16] . (A, , is the spin-orbit coupling parameter, 0, = + z is the electron spin. k~is the z component of the Fermi wave vector. ) The side jump b, y is independent of the range, strength, or sign of the scattering potential V(r) under the assumption that V(r) is short ranged, i.e. , kFR (& 1 with R being the radius of V(r) [9, 15, 16] . This assumption is valid for small potential Quctuations such as phonon excitations, and most likely, for dilute impurities. Indeed, the R, oc pz"relation is followed very well over two decades of R, for several Fe-based dilute alloys at room temperature [15] . However, the short-range V(r) assumption definitely breaks down in granular structures where scatterers are much larger than atomic dimensions. The range of V(r) should be of the order of a few nm, i.e. , k+R = 10. According to Eq. (17) in Ref. [15] , Ay will be dependent on R away from the short-range limit, i.e. , Ay oc 1/R (a & 2). It is reasonable to expect A,g oc R.
Therefore, R, oc p Ay oc p +, since p oc I/A, g.
From our exponent n = 3.7, a should be about 1.7. In order to explain the EHE and the large n observed in the Co-Ag granular system, the side-jump model must be extended beyond the short-range limit. More importantly, because of the strong correlation between Hall e8ect and Author to whom correspondence should be sent.
